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The performance increase  result ing from the  addition of Fluorink  to  
the  oxygen-JP4 rocket  propellant couibination w a s  evaluated  expzcimenkally 
in  a 1000-pound-thrust engine with 0, 30, and 70 percent of f luorine by 
weight i n   t h e  oxidant. Maximum specif ic  impulse values  obtained were 

7 259, 278, and 287 pound-seconds per pound, respectively, at a combustion 
& pressure of 600 pounds per  square  inch  &solute. These values are 95 to 

99 percent of  the  corresponding  theoretical maximum values  calculated f o r  
frozen  expansion and range from 88 t o  93  percent of theoretical   equilib- 
rium values. The data indfcate  that   the performance increase  with  the 
addition of f luorine t o  the  oxidizer is greater between 0 and 30 percent 
fluorine  than between 30 and 70 percent  fluorine. A net  increase of ll 
percent  in  specific impulse was obtained w i t h  the  70-percent-fluorine 
oxidizer. 

For 0, 30, and 70 percent  fluorine,  characteristic  velocities w e r e  
5500, 6000, and 6340 feet per second; these  values are 95 t o  97 percent 
of theoretical   frozen data and 93  percent of theoretical  equilibrium data. 
Nozzle thrust   coeff ic ients  at maximum performance f e l l  within 97 t o  98 
percent of theoret ical  equilibrium coefficients. Average ove r -a l l  heat 
re jec t ions   to  engine w a l l s  for the  oxidant-fuel  ratios giving highest  per- 
formance were 1.85, 2.40, and 2.65 Btu  per second per  square  inch. 

The object of  thls investigation waa t o  learn the  extent to which 
the performance of  the  oxygen-JP4 rocket  propellant  conibinatim can be in- 
creased  by  the  addition of f l uo r ine   t o   t he  oxygen. 

rp Oxygen-JP4 i s  a promising  propellant  conibination for  present long- 
range rockets  with  respect to log is t ics  and engine development considera- 
t ions.  The JP4 f u e l  can be the  same &B that  used for a i rc raf t ,  and liquid 
oxygen can be made i n  the field. Rocket engine development for t h i s  com- L 
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f luorine  to   the  oxidizer  w o u l d  seem t o  be a logical  extension of the work 
requiring a m i n i m  of additional  engine development. The advantage of 4 

spontaneous ignit ion,   characterist ic of fluorine, would also be realized 
(ref.  1). 

Theoretical maximum specif ic  i m p i l s e  values for JP4 fuel with dif-  
ferent  oxidant  mixtures at a combustion pressure of 600 pounds per  square 
inch  absolute  are  l isted  in  the  following  table:  

mixture , 
percent  speclf i c  

These values are from an extension of the work of reference 2. 

The theoret ical  work,  which covered the complete range i n  oxidant 
mixture, showed that  the  mixture  containing 70 percent  fluorine  offers 
the  highest performance potential .  The performance with 100 percent 
fluorine is not as high as that a t ta inable  w i t h  mixed oxidizer combina- 
tions,  because: (1) there is difference  in  molecular  weights and thermo- 
dynamic properties between carbon fluorides and  carbon  oxides formed as 
products of combustion, and (2) in the  burning of hydrocarbons with pure 
fluorine, a considerable amount of unburned graphite is exhausted from 
the engine. 

The experimental work reported  here w a ~  conducted with  water-cooled 
rocket  engines designed for  1OOO-j?ound thrust at a nominal chamber 'pres- 
sure of 600 pounds per  square  inch  absolute. The propellant  injectors 
utilized  like-on-like  impinging-jet  doublets. These engine  assemblies 
were run with JP4 fuel and oxidant  mixtures  containing 0, 30, and 70 per- 
cent  fluorine,  covering i n  each c u e  a range of oxidant-fuel  ratio. 

Specific imp14l.se, characteristic  veloclty,  nozzle thrust coefficient,  
and over-all heat r e j ec t ion   t o  engine walls were measured. 

EQUIPMENT AWD PROCEJXTRE 

Materials, apparatus,  and  procedures emgloyed in   th i s   inves t iga t ion  
were the same, where applicable, as those  used f o r  the  work reported in 
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reference 3. A description of these and the  necessary  modification8 is 
d given i n   t h e  following paragraphs. 

Equipment 

Propellants. - The l iquid oxygen contained uo more than 0.5 percent 
impurities. The physical  properties of fluorine are tabulated  in refer- 

reference 5. Oxidast mixtures were preparedby condensing  gaseous fluo- 
r ine  direct ly   into  l iquid oxygen i n   t h e  oxidant  tank, which was surrounded 
by a liquid  nitrogen  bath. H e l i u m  was then  bubbled  through the  oxidant 
t o  ensure mixing. The specif ic   gravi ty  of each  fluorine-oxygen  mixture 
was taken as the  reciprocal of the sum of the  prodxcts of  spec€fic volume 
and weight f rac t ion  i n  the  mixture. 

cri 

04 
* (3, ence 4. The cylinder  manifold f o r  t ransferr ing  f luorine is described  in 

Properties of  t he  JT4 f u e l  used are presented  in table I. 
Y 

Injectors. - The two nickel   injectors  eriboaied the  design concept of 
large numbers of  like-on-like impingement uni ts   to   provide  f ine atomiza- 

'1' tion,  uniform  propellant  distribution, and thorough  coverage  across a 
8 flat injector  face. The injectors  differed from each  other i n   t h e  t o t a l  

number of inject ion  uni ts  and the arrangement of these  uni ts  on the  in- 
j ector  face. 

Figure 1 shows the  like-on-like row inJector, which contained 82 
uni t s  of like-an-like impinging doublets f o r  f u e l  and 70 for oxidant. 
These uni t s  w e r e  arranged i n  alternate rows f o r  fue l  and oxidant and pro- 
vided pa ra l l e l  TiKely a todzed  sheet6 of fuel i d  oxidsnt as indicated  in  
the figure. O f  the  two holes   in  each fue l   un i t ,  one was 0.020 inch i n  
diameter and the  other  w a s  0.025 inch. Because of  the  way t he  f'uel flowed 
through the  internal manifold, these two diameters were used in order t o  
obtain  equal  discharge. The diameter of  all oxidant hole8 w a s  0.025 inch. 

The units of the like-on-like  ring  injector (fig. 2) were arranged 
in  concentric rings, a l t e rna te ly   fo r   fue l  and oxidant,  with the outermost 
r ing  containing  fuel  units.  Fuel and oxidant  holes w e r e  of 0.021- and 
0.026-inch dtmeter, respectively. There were 65 oxidant and 70 fuel 
uni t  6. 

Engine chambers. - The coubustion chambers w e r e  of =-inch  character- 
i s t i c  length and had a chamber-to-throat area r a t i o  of 3.8. The engines 
were water-cooled by s p i r a l  passages as shown in figure 3. Fabrication of 
the  engine chamber was by the hydraulic-forming method described i n  ref- 

walls. 
* erence 6. Nickel was used for the  inner walls and Inconel  for  the  outer 

- Instrumentation. - Propellant f low rates w e r e  determined  by  Venturi 
meters and differential-pressure - 8 .  tr  Thrust was measured with 
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a s t r a i n  gage and chamber pressure  with a strain-gage-type  transducer. 
Coolant  water  temperatures were measured by  iron-constantan  thermocouples, 
and flow rates were determined  with a varlable-area  orifice.  Thrust 
measurements are accurate  within &I. percent,  other measurements within 
&2 percent. 

ti 

. -  
" 

T e s t  f a c i l i t i e s .  - The engine w a 8  mounted on a flexure-plate thrust 
stand.  Propellant  flow rates through the  injector  were controlled  by  the 
extent of pressurization of the tanks with helium. Helium purges were 
used in  both  propellant flow lines,  and the  helium valves were e l ec t r i -  
cally  interlocked  with  the  propellant valves  for  control  purposes. All 
f i r i n g  operations were remotely  controlled. -. ." " . . . . . . . - 

Electrical   controls  provided  for imediate s h u t d m  of engine  oper- 
ation  in  the  event of a  burn-out. A wire, wrapped l i be ra l ly  mound the 
engine,  conducted  low-voltage e l e c t r i c i t y   t o  a relay coi l .  If a burn-  
out were t o  occur, the  wire would be cut  by flame and electr ical   cont i -  
nuity would be  broken. Immediately the  re lay would become de-energized, 
thereby  closing  the main propellant valves and activating a carbon dlox-  
ide fire-protection system. 

An auxiliary  ignit ion system was necessary  for  use w i t h  the oxygen- 
Jp4 conibination. This involved  connection of a propene supply l i n e   t o  
the main f'uel-flow l ine  and a gaseous-oxygen supply l i n e   t o   t h e  main 
oxidant-flow  line. A spark  plug was mounted outside the  engine  nozzle 
about 3 inches away from it. 

Procedure 

In  operation  involving  the oxygen-JP4 combination, the  igni t ion pro- 
pel lants  (gaseous  propane  and oxygen) were passed through the  propellant 
injector  f i rs t  and ignited by the  external  spark  plug. The flame imme- 
diately  f lashed back into  the engine. When fluorine m i x t u r e s  were used, 
no external  ignition..source w a s  needed. The main propellant  flows were 
started with a slight f u e l  lead, using quick-opening  valves. Most run8 
were of 5- o r  6-second duration. 

Experimental data are completely l i s t e d   i n   t & l e  11, Performance 
values at   highest   specific impulse Oom fared. a r v e s  for the-like-on-- 
l i k e  row injector  are l i s t e d  i n  the  following  table: 

- .  - - 

. - .  - 
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Fluorine i n  oxidant, 
w e i g h t  percent 

Oxidant-fuel w e i g h t  r a t i o  

Fuel,  weight percent 

Specific impulse, lb-sec/lb 
Percent of theoret ical  maximum, 

equilibrium - 
frozen - 

Characteristic  velocity,  ft/sec 
Percent of theoret ical  maximum, 

eguilihrium - 
frozen - 

Nozzle thrust coefficient 
Percent of theoretical,  equilibrium 

Heat rejection, average over-all, 
Btu/(sec)  (sq  in. 1 

0 

2.45 

29 

259 

91 
95 

5500 

93 
95 

1.52 
98 

1.85 

30 

88 93 

287 27% 

25 24 

3.00 3.16 

70 

99 95 

6000 6340 

93 
97 

1.50 1.46 
" 97 

" 

" 

2.40  2.65 

Performance curves f o r  oxygen-Jp4 are shown i n  figure 4 ( a ) .  Charac- 
terist ic  velocity,   nozzle  thrust   coefficient,  and specif ic  impulse are 
plotted  against weight  percent fuel  in  the  propellant  mixture.  Oxidant- 
fuel weight r a t io s  are indlcated.  Theoretical curves based on equilibrium 
expansion and on frozen  expansion me also presented. 

m e r i m e n t a l  curves have been drawn for  both  injectors.  Although 
characteristic  velocity  cmves f o r  the  two injectors  are the  same, data 
for   thrust   coeff ic ient  (and consequently  specific  impulse) are about 10 
percent lower f o r  the like-on-like  ring  injector  than f o r  t h e   U e - o n -  
l i k e  r o w  injector.  No explanation  for  this  dlscrepancy w a s  found, but 
i n  view of the data, the  like-on-like row injector  w a s  selected f o r  f'ur- 
ther  investigation  with  fluorine-oxygen mixtures. 

Performance data are p lo t ted   in  figure 4(b) for  the  oxidant  mixture 
containing 30 percent  fluorine  by  weight.  Theoret.ical data are not com- 
p le te  f o r  this past iculm mixture, but  the  points of theore t ica l  maxi- 
specific impulse are indicated f o r  both equilibrium and frozen  confitions. 

Figure  4(c)  presents  the  data f o r  the oxidant mixture containing 70 
percent  fluorine. Although the  experimental data do not  definitely estab- 

by the  values at 25 percent  fuel. 
t l i sh   the   po in t  of maximum performance, it is  probably  represented  closely 
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Experimental  average  over-all  heat  rejection  values  for  the  three 
oxidant  mixtures are plot ted in f igure 5 as a Function of weight  percent L. 

fuel.   Thearetical   curves  for chamber temperature  are  included  for  refer- 
ence. Arrows, designating  the  points of maximum specif ic  impulse, i n -  
dicate  that ,  when fluorine  content w m  increased from 0 t o  70 percent, 
heat  rejection  increased 43 percent. 

Correction of experlmental  specific  impulse.for loss  of performaqce 
through heat r e j ec t ion   t o  engine walls amounted, i n  general, to   lese   than 
1 percent of the measured specif ic  impulse. Table I1 lists adjusted  spe- . 

c i f i c  impulse  values  corrected  for  heat  rejection and for   var ia t ion of 
experimental  cambustion  pressures from the  specified 600 pounds per square 
inch  absolute. 

. " 

DISCUSSION 

The object of this   invest igat ion was t o  determine t o  what extent 
the performance of the  oxygea-Jp4 propellant combination can be improved 
by t h e   " t i o n  of fluorine  to  the  oxidant.   In  f igure 6 are   plot ted spe- 
c i f i c  impulse values f o r  fluorine-oxygen-JF4  combinations as a function 
of the  f luorine  content of the  oxidant.  Theoretical curves  are presented 
for both  equilibrium and frozen expansion. The experimental  curve  rep- 
resents m a x i m u m  specif ic  impulse f o r  0- t o  70-percent-fluorine mixtures. 
The figure shows that  experimental gerformance most nemly approached 
theoret ical  performance in   the  region of 30 percent  fluorine. It would 
seem that  the  like-on-like  injector  used was optimized f o r  the  par t icular  
conditions  prevailing  in  this  region; however, t h i s  is doubtful. Because' 
of the   rec t i l inear  mrangement  of the basic  injection un i t s  across  the 
injector  face,   distribution of oxidant-fuel weight r a t i o  and mass flow 
should be  uniform  across  the  face. Hence, any variations i n  over-all 
oxidant-fuel  ratio and mass flow would not  afl'ect  the  efficiency of the 
injector  t o  any appreciable  extent. Furthermore, data from North Ameri- 
can  Aviation,  Inc.  (ref. 7 )  f o r  work of t h i s  same type,  but  conducted at 
a chamber pressure of  300 pounds per squaxe inch  absolute and a thruet 
l e v e l  of 3000 pounds, indicated  the sane general  trend;  thzt is, erperi-  
mental. performance most nearly approached theoretical   values  in  the  re- 
gion of 30 percent  fluorine. The investigations were made with  injectors 
employing qui te   different   pr inciples  from the  like-on-like  type  presently 
reported, and the  injectors  were optimized in  design  for the part icular  
conditions  under which they were t o  be  operated. 

4 

Y 

The performance increase  with  the  addition of f luorine is  higher  be- 
tween 0 and 30 percent  fluorine  than between 30 and 70 percent  fluorine 
( f ig .  6 ) .  Increasing  fluorine  content from 0 t o  30 percent  increased 
specif ic  impulse 7 . 3  percent;  &Wition gf 40..ger.c.ct m o r e .  fluorine.  brought 
a further  gain of 3.5 percent i n  impulse, giving a net increase near 11 
percent. The exact  oxidant  composition needed f o r  maximum performance waa I 

not  determined by this  investigation. 

.L 
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The addition of f luorine d s o  increases the  bulk &mi.ty of t he  
4 Popel lan t  conibination, as may be  noted from the example in the  follow-. 

ing  table: 

Oxygena Increase, 70-:percent-fluorine - 
30-percent-oxygen percent 
mixtureb 

Specific impulse 287 
Specific  gravity 1.177 

%xidant-fuel w e i g h t  ra t io ,  2.45. 
bOxidant-fuel w e i g h t  rat&, 3.00. 

The re la t ive  importance of  propellant  density on missile performance is  
debatable,  but it may readily be seen that  consideration of density- 
impulse makes the  addition af f luorine even more favorable  than does 
consideration of specif ic  impulse done .  1 

* Estimates were maae of the  temperature rise of Jp4 f u e l  if  used as 
a regenerative  coolant  for a 70-percent-fluorine  oxidant  mixture  with 20 
t o  25 percent  fuel  in  the  propellant  cdination.  Experimental  data from 
the  curves of figures 4(c) and 5 w e r e  used i n  determining rates of Fuel 
flow and total   heat  rejection  (cooled  surface area, 79.7 sq in.). The 
specific  heat of Jp4 f u e l  w a s  assumed t o   b e  0.5 Btu per OF. 

Results of .these  calculations aze 6een i n  figure 7, where fue l  t e m -  
perature rise is plotted  against  weight  percent fuel in  the  propellant.  
A t  conditions of maximum experimental  performance (25 percent fuel), t he  
f i n a l   f u e l  temperature  appasently would approach the  cri t ical  temperature, 
which is  about 625O F; and f o r  conibinations requiring less fuel, t h i s  t e m -  
perature would be exceeded. 

The c r i t i ca l   p ressure  of Jp4 fuel is close to 500 pounds per  square 
inch.  Regenerative  coolant  pressures would be considerably  higher  than 
this f o r  engines  operating at a codustion  pressure of 600 pounds per 
square  inch  absolute. Reference 8 indicates that cooling  under  these con- 
dit ions must be  considered  purely  convective i n  nature,  since  nucleate 
boiling, as an aid t o  cooling, cannot occur above the  critical pressure. 

CONCLUDING REMARKS 

L 
The addition of f luor ine   to  oxygen-JP4 improves performance, in- 

creases  propellant  bulk  density, and obviates  ignition systems, but in- 
creases  the  engine  cooling problem. 

L 
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More  work is  needed on regenerative  cooling w i t h  Jp4 fue l .  Analy- 
sis indicated  that,  in  designing  regenqatiye-cooled  engines  for  the 
70-percent-fluorine  oxidant at 690 poudas per  square  inch  absolute com- 
bustion  pressure,  the  coolant (JP4) should be assumed t o  f'unction above 
the   c r i t i ca l   po in t .  

. 
" 

. . .. 

SUMWRY OF RESULTS 

The performance increase  result ing from the  additlon of fluorine t o  2 
the  oxygen-JPC rocket  pPopellmt col?lbination w m  evaluated  experimentally 
a t  a conibustion pressure of 600 pounds per  square  Inch  absolute  using a 
1000-pound-thrust  engine and a like-on-like row injector.  

pr) 

1. Specific irnpulse w a a  increased U percent, from 259 t o  287 p m d -  - 

seconds per pound, by using a 70-percent-fluorine  oxidizer. . .  " 

2. The following  table l ists  values  obtained from faired  curves at .L 

highest impulse: 

Fluarine  in  oxidant, 
weight  percent 

Oxidant-fuel  weight r a t i o  

' 0 3 0  

278 259 Specific impulse, lb-sec/lb 

24 29 Fuel,  weight  percent 

3.16 2.45 

equilibrium - 91 93 
frozen - 95  99 

Characteristic  velocity,  ft/sec 5500 6000 

equilibrium - .- ." 93 -- 
frozen - 95 -- 

Nozzle thrust coefficient 1.52 1.50 
Percent of theoretical,  equilibrium 98 -- 

Percent of theore t ica l  maximum, 

Percent of theare t ica l  maximum, 

Heat rejection,  average  over-all, 
Btu/(sec) (sq in.  ) . 1.85 2.40 

70 

3.00 

25 

287 

88 
95 

6340 

93 
97 

1.46 
97 

2.65 

.. . 

Y 
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3. The performance increase with  addition af fluorine is greater 
4 between 0 and 30 percent  fluorine  content  than between 30 and 70 percent 

f luorine . 
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TABU I. - PROPERTlES OF Jp4 FlTEL 

L.S.T.M. d i s t i l l a t i o n  D86-52, ?F 
Percentage  evaporated: 

I n i t i d  point 
5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
95 

End point 
Residue, percent 
Loss, percent 

Reid vapor pressure, lb/sq.in. 
E@kogen-ca;raon r a t i o  
Heat of conibustion, Btu/lb 
Specific  gravity, 60/60 OF 
Gravity, O A P I  
Aniline  point, OF 

NACA RM E55D27 
. 
” 

138 
207 
24 9 
295 
317 
331 
345 
357 
37 1 
391 
422 
448 
480 
1.0 
1.0 

2.3 
0.168 
l8,675 
0.779 
50.2 
139.3 
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i CH-2rback 
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- 
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10 

12  
7 

19 
9 

10 
8 

12  
9 1  . 

12  
9 'I 
9 
a i  

11 
6 

12  
5 

3 

6 
6 

6 
6 
5 
6 
6 

8 
E 
8 

5 
4 

6 
E 

5 
6 
5 
6 
5 
6 
6 

- 

- 

- 

- 

sxldant- 
ual 

' a t i o  
e ight  

loezle 
imlt 
l o e f -  
:ioicnt 

pecl r ic  
mpulse 
dJWted 
or  heat 
e jec t ion  
nd  MI- 
ure devi,  

b-seo/lb 
tim, 

:njeotar  

I dant. 
i n  ari- 

w e i g h  
pepoent 

r ike-on- 
ike ring 

m . 3  
27.3 
28.0 

28.6 
28.5 

28.8 
28.7 

29.8 
30.8 
31.3 
31.4 
31.5 
32 .O 

34 .s 
32.9 

36.0 
34.6 

26.1 
27 .9  
29.2 
29.5 

30.0 
28.8 

30.5 
3 2 . 3  

22.0 
2Q.4 
23.4 

24.6 
23.5 

25.3 
30.9 

16.0 
17.0 
18.5 
19.3 
20.2 
21.4 
24.7 

- 

- 

- 

2.80 
2.86 
2.68 

2.48 
2.61 

2.48 
2.47 
2.36 
2.27 
2.19 
2.19 
2.18 
2.12 

1.92 
2.04 

1.90 
1.75 

4.16 
4.35 
4.23 
4.20 
4.07 
4 .Ql  
4.22 
4.28 
4.96 
4.20 
4.26 
4.26 
4.27 
4.39 

4.33 
4.42 
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(b)  Fuel, Jp4; oxidant, 30 percent  fluorine and 70 percent oxygen. 

Figure 4. - Continued.  Experimental and theoretical   characterist ic veloc- 
i t y ,  thrurrt  coefficient, and meci f l c  impulse. Combustion pressure, 
cjoo pounds per square Inch absolute;  rocket engine thrust, 1000 pounde. 
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( c )  Fuel, JP4; oxidant, 70 percmt fluorine a d  30 percent oxygen. 

Figure 4. - Concluded. Experimental and theoret ical   character is t ic  veloc- 
i t y ,  t h a t  coefficient, and specific impulse. Cornbustion pressure, 
600 pounds per square inch absolube; rocket engine thrust, lo00 pounds. 
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Figure 5. - Experimental heat rejection aad theoretical combustion tqerature  of combinations of 
fluorine-oxygen with Jp4 fuel. Coslbuetim presaure, €03 pcundE per square inch absolute; 
rocket en@e thrust, loo0 pounds. 
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Figure 7. - Estimated temperature rise of JP4 fuel a8 regenerative  coolant,  converted from experi- 
mental temperature rise of water as coolant. Cambustian pressure, 600 pounds per square Fnch 
absolute; rocket engine thrust, KMX pounds; fuel, jP4; oxidant, 70 percent  fluorine and 30 
percent oxygen. 
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